During meiosis in flowering plants, degradation of the callose wall in tetrads releases newly produced microspores, which develop into mature pollen grains. In this study, we identified zbs1, a male-sterile mutant of naked oat (Avena nuda L.) that displayed complete spikelet sterility due to inviable mature pollen. The abnormal pollen grains originated from microspores with a defective callose wall and cell plate during meiosis. The defective callose wall and cell plate of the zbs1 mutant were detected by the labeling of cell wall epitopes (β-1,3-glucan) with immunogold during meiosis, and an abnormal chromosome configuration was observed by propidium iodide staining. The mature pollen grains of the zbs1 mutant were irregular in shape, and abnormal germination was observed by scanning electron microscopy. Together, our results indicate that the cause of male sterility in zbs1 is abnormal meiosis.
dopsis thaliana, maize (Zea mays; Murphy et al. 2014; Wang et al. 2014; Zhou and Pawlowski 2014) and rice (Oryza sativa; Mercier and Grelon 2008) . Rice and oat are monocots, and rice is a popular model species for developmental studies of monocotyledonous plants (Itoh et al. 2005) .
Heterosis refers to the phenomenon in which the progeny of diverse varieties of a species or an interspecific cross have an increased biomass, developmental rate and fertility rate compared to the parents (Birchler et al. 2010) . The development and utilization of hybrid rice varieties have contributed greatly to food security in China and other Asian countries (Sparks 2009 ). Interspecific F 1 hybrids of wildtype (WT) species often show high levels of sterility; this is partly attributed to defects in the homologous pairing of chromosomes during meiosis (Brar and Khush 1997) . Research on meiosis in rice will help us to reduce reproductive barriers between different rice species. Already, several meiosis-related genes in rice, including MEL1, MEL3, MER3,
Introduction
Meiosis plays a crucial role in the sexual reproduction of higher plants. However, related reports of meiosis in Avena are still limited, though oats are one of the major crops for human nutrition, livestock feeding and cosmetic application. Several studies have been published on meiosis in Arabi- DMC1, MSH4, MSH5, and RAD51C,  have been isolated and functionally characterized (Jenkins et al. 2008) . MEL1 encodes a novel ARGONAUTE family protein that functions in mitosis and meiosis (Nonomura et al. 2007) , while MER3 encodes a protein that is essential for normal meiosis (Wang et al. 2009 ). PAIR1, 2 and 3 are essential for homologous chromosome pairing during meiosis I (Caryl et al. 2000; Armstrong et al. 2002; Nonomura et al. 2004a Nonomura et al. , b, 2006 . Similarly, rice DMC1A and DMC1B, which are homologs of yeast DMC1, are required for the pairing of homologous chromosomes (Ding et al. 2001; Kathiresan et al. 2002; Deng and Wang 2007) . RAD21-4 is essential for efficient mitosis (Zhang et al. 2006) , while MSH4 and MSH5 encode interacting factors that promote crossover formation during meiosis in rice . The rad51c mutant exhibits complete male and female sterility, indicating that RAD51C is required for synaptonemal complex assembly (Abe et al. 2005; Kou et al. 2012) . However, despite this progress, our knowledge of the regulatory mechanisms on controlling meiosis in rice is fragmentary.
Callose, β-1,3-glucan, is widespread in various organs and diverse development processes of higher plants, the synthesis and deposition of callose play important roles in the process of reproductive development. In Petunia, it has been identified that the timely formation and degradation of callose plays a key role in the process of microsporogenesis by the study of several related mutants (Izhar and Frankel 1971; Warmke and Overman 1972) . In transgenic tobacco, the expression of callose synthase gene was improved in the tapetum cells and the callose wall was dissolved prematurely, which affecting pollen development resulting in male sterility (Worrall et al. 1992) . AtGSL10, a Callose Synthase like 5 gene in Arabidopsis, participates in the process of mitotic division, the knock-out of AtGSL10 lead to aberrant asymmetric microspore division (Huang et al. 2009 ). A study of cals5 in Arabidopsis, a callose synthase like 5 mutant, indicated that callose accumulates in the cell plate of dividing cells before the formation of the cell wall (Hong et al. 2001) . Both AtGSL11 and AtGSL12 related to the formation of callose wall in microsporocytes and play redundant roles in the microsporogenesis (Enns et al. 2005) . In Arabidopsis, GSL8 functions in the process of cytokinesis and cell patterning, a gsl8 mutant exhibits abnormal cell wall and cell division of microsporocytes during Arabidopsis development (Chen et al. 2009 ). In rice, the study of a gsl5 mutant identified that the callose synthesized by GSL5 plays a key role in the microsporogenesis, the knock-out of GSL5 lead to the formation of defective callose wall and cell plate, which caused the reduced panicle seed setting rate (Shi et al. 2015) .
The use of male-sterile lines in breeding eliminates the need for emasculation; moreover, such lines are ideal for use as female lines in hybrid seed production. Male-sterile lines have been used to study autogamous crops, including wheat (Triticum aestivum L.) (Whitford et al. 2013) , maize (Shull 1908) , cotton (Weider et al. 2009 ), rice Huang et al. 2013) , and other gamogenetic crops (Silva 2010). In a previous study, a spontaneous dominant male-sterile mutant oat line (zbs1) was discovered that did not exhibit any differences in vegetative growth when compared to WT plants. However, the callose wall of zbs1 microspore mother cells was defective at the dyad and tetrad stages during meiosis, and the microspores released from the dyads were irregular in shape. Observation of the chromosome configuration during microsporogenesis revealed that the chromosome distribution was abnormal during meiosis and that most of the newly released microspores contained 1-3 micronuclei after meiosis. Furthermore, the mature pollen grains of zbs1 were defective and exhibited multiple abnormal morphologies.
Results

Immunolocalization of the microspore mother cell wall epitopes
Callose deposition in the microspore mother cells of WT and zbs1 mutant oat during meiosis was quantitatively analyzed by the labeling of callose wall and cell plate epitopes using immunogold reagent. Compared with the callose wall in WT oat ( Fig. 1-A) , less immunogold labeling was observed in zbs1 microspore mother cell s ( Fig. 1-B and C); the density of gold particles in each square array was 6-11% of that for the WT microspore mother cells (1 µm 2 area; Fig. 1-G) . Moreover, the density of gold particles in the zbs1 cell plates was 4-7% of that in the WT cell plates. Immunolocalized signals corresponding to anti-callose (anti-β-1,3-glucan) antibodies were significantly more abundant at the callose wall and cell plate than at other microspore mother cell regions, and there were significant differences in the number of immunogold particles between the callose wall and cytoplasm in WT and zbs1 mutant oat ( Fig. 1 -A-F). These findings indicate that much more callose was present in the callose wall of the WT microspore mother cells compared to the zbs1 mutant. In addition, the callose wall and cell plate of the zbs1 microspore mother cells were defective at the tetrad stage during meiosis.
Cross-sectional analyses of microspores after meiosis and of the tapetum at the microspore mother cell stage
To further examine the characteristics of the free micro-spores after meiosis, transmission electron microscopy (TEM) was used to observe the ultrastructure of microspores from WT and zbs1 mutant oat plants. The WT microspores were round with a homogeneous cytoplasm and a smooth outer wall (Fig. 2-A and C) . In contrast, the zbs1 microspores were irregularly shaped and had an abnormal primexine ( Fig. 2-B and D) . Thus, the free microspores of the zbs1 mutant were defective after meiosis.
The relationship between callose synthesis by microspore mother cells and the tapetum has been described in diverse varieties of several plant species. Thus, the microstructure of the tapetum in WT and zbs1 plants was observed using paraffin sections. As shown in Fig. 3 -A-D, the tapetum in zbs1 was similar to that in WT. To verify the condition of the tapetum in WT and zbs1 mutant anthers, we observed their ultrastructure by TEM. Our results indicate that microspore development at the tapetum was similar between WT and zbs1 mutant oat ( Fig. 3 -E and F).
Fig. 1
Immunogold labeling of the cell wall and cell plate epitopes (β-1,3-glucan) of microspore mother cells at the tetrad stage during meiosis. Bars are 1 µm in A-F. A-F are immunolabeled with anti-β-1,3-glucan antibodies. A, immunolocalization of callose in the cell wall of wild type (WT) microspore mother cells. B and C, immunolocalization of callose in the cell wall of zbs1 microspore mother cells. Note that less immunogold labeling in zbs1 microspore mother cell. D, immunolocalization of callose in the cell plate of WT microspore mother cells. E and F, immunolocalization of callose in the cell plate of zbs1 microspore mother cells. Note that defective callose layer wall and cell plate in the zbs1 microspore mother cells. G, statistical evaluation of the immunogold labeling in each square (1 µm 2 ). The error bars (standard deviation) are from three independent areas, respectively ( * , P<0.05 and ** , P<0.01 by Student's t-test). A and C, cross-sections of WT microspores. The shapes of WT microspores were round and a smooth outer wall. B and D, crosssections of zbs1 mutant microspores. Note that the irregularly shapes of zbs1 microspores and an abnormal primexine.
Caryokinesis during microsporogenesis
A defective callose wall and cell plate in microspore mother cells may lead to abnormal caryokinesis. Thus, the cell nuclei in WT and zbs1 mutant microspore mother cells at various stages of development were analyzed using propidium iodide (PI) staining. In the WT plants, all of the microspore mother cells were polygonal in shape and were intensively arranged in the anther locules before meiosis ( Fig. 4-A) . In the early meiosis stage, the microspore mother cells enlarged and the chromatin condensed to form chromosomes ( Fig. 4-C ). As the microspore mother cells developed to the dyad stage, equal daughter chromosomes segregated synchronously toward opposite poles and two daughter nuclei were formed ( Fig. 4-E) . At the tetrad stage, two bipolar spindles appeared and equal chromosomes were arranged on each side of the equatorial plate. Subsequently, the chromosomes were pulled to opposite poles and the cytoplasm was distributed equally, forming a tetrad with four daughter nuclei (one in each corner; Fig. 4-I) . After meiosis, each of the released microspores included a newly formed nucleus ( Fig. 4-M) . Obvious microspore nuclei were observed upon further microspore development ( Fig. 4-Q) .
In zbs1, the nuclei of the microspore mother cells looked normal prior to the late meiosis stage (Fig. 4-B and D) . However, at the dyad stage, unequal chromosomes were observed moving to opposite poles (Fig. 4-F and H) ; in fact, the chromosomes were divided into three parts in some microspore mother cells ( Fig. 4-G) . In microspore mother cells at the tetrad stage, we observed four dramatically different chromosome configurations, including unequal chromosomes and different amounts of cytoplasm in the corners of the tetrads (Fig. 4-J-L) . Upon degradation of the callose wall, free microspores were released from the tetrads. A large nucleus was observed in each of the newly formed microspores, as well as one to three micronuclei with a diameter that was ~1/6 of the nuclear diameter ( Fig. 4-N-P) . Later during zbs1 microspore development, morphologically abnormal nucleoli appeared in 43% of the microspores (Fig. 4-R) , and micronuclei were observed near the nucleoli in 53% of the microspores (Fig. 4-S) . Further, no nuclei were observed in 16% of the zbs1 microspores ( Fig. 4-T) . These results indicate abnormal meiosis in the zbs1 tetrads and that the nuclei of the developing microspores were defective. All of the cross-sections were stained with 0.1 mg mL -1 PI. Bars=50 µm. A and B, PI staining of microspore mother cells before meiosis. C and D, PI staining of microspore mother cells at the early meiosis stage. E-H, PI staining of a dyad. I-L, PI staining of a tetrad. M-P, PI staining of newly released microspores. Q-T, PI staining of mature pollen. MMC, microspore mother cell.
Observation of the microstructure and ultrastructure of mature pollen grains
To characterize the differences between the mature pollen grains of WT and zbs1 mutant oat, we used confocal laser scanning microscopy. In contrast with the spherical and plump WT pollen grains (Fig. 5-A) , the zbs1 pollen grains were irregularly shaped; partial cavities and unevenly distributed cell inclusions were observed (Fig. 5-B-D) . To further investigate the characteristics of the WT and zbs1 pollen grains, we observed mature pollen grains by scanning electron microscopy (SEM). The WT pollen grains were spherical and plump, and the aperture plugs were round and filled the space completely; the top of each plug was parallel with the outer edge of the aperture (Fig. 5-E) . In comparison, the zbs1 pollen grains showed different degrees of shrinkage ( Fig. 5 -G-P), with some pollen grains forming a ridge-like structure (Fig. 5-K and M) . Further, the tops of many of the plugs in the apertures were abnormal; some plugs were cupped ( Fig. 5-G-J) , while others were swollen and protruded outward (Fig. 5-O and P) . This indicates that the microstructure and ultrastructure of the zbs1 pollen grains were defective.
Discussion
Formation of a defective callose wall during meiosis in zbs1
During microsporogenesis, a callose wall is temporarily formed to prevent cell cohesion and fusion; upon its degradation, free microspores are released into the locular space (Dong et al. 2005) . The callose wall may function as a barrier to protect microspores from the surrounding environment (Heslop-Harrison and Mackenzie 1967) ; it also supplies a physical barrier to prevent premature swelling or bursting of the microspores. The callose wall may guide the deposition of sporopollenin to form the exine of mature pollen grains upon the completion of meiosis (Zhang et al. 2002; Li and Zhang 2010) . We found that the callose wall and cell plates of the zbs1 microspore mother cells were defective based on the immunodetection of callose (Fig. 1-A-F) ; thus, the development of microspore mother cells in zbs1 may be abnormal. An analysis of newly released microspores by SEM indicated that the free zbs1 microspores were irregular in shape and had an abnormal primexine (Fig. 2-A-D) . This could be due to the defective callose wall and cell plate, which caused unequal division of the cytoplasm during microsporogenesis. However, our understanding of the mechanism by which the callose wall guides the deposition of sporopollenin to the primexine is limited.
Abnormal meiosis during zbs1 microsporogenesis
The chromosome distribution was disordered during late meiosis in the zbs1 mutant, and the newly released microspores contained different numbers of micronuclei ( Fig. 4-E-P) , indicating abnormal meiosis. As the defective callose wall and cell plate caused unequal division of the cytoplasm, abnormal microspores were formed ( Fig. 4 -M-P) that contained different numbers of chromosomes ( Fig. 4 -E-L). Furthermore, unequal chromosomes were distributed to opposite poles of the dyad or tetrad before degradation of the callose wall. This phenomenon, which may be related to the spindle, requires further research.
Hybrid rice production using the three-line system, which utilizes male-sterile lines, produces varieties with excellent agricultural characteristics through self-pollination of the intended crop. Oat is capable of self-pollination; thus, the zbs1 mutant may enable the breeding of diverse varieties or crosses between species to promote heterosis, in which the biomass, developmental rate and fertility rate of the progeny are increased compared to the parents.
Conclusion
Immunolabeling assays of callose wall and cell plate callose (β-glucan) epitopes in the zbs1 mutant microspore mother cells were conducted, and the results showed low numbers of gold particles. To date, several studies have shown that the callose wall functions as a physical barrier to prevent the premature swelling and bursting of microspores, and that proper timing of callose wall formation and degradation is essential for normal microsporogenesis. In addition, the cell plates of dyads and tetrads are essential for normal division of the cytoplasm and chromosomes; thus, a defective cell plate may lead to abnormal meiosis. Furthermore, we found that the chromosome configuration in the tetrads of the zbs1 mutant became abnormal in the late meiosis stage. Moreover, an unequal chromosome distribution was observed in the dyads and tetrads, and most of the released microspores had one to three micronuclei surrounding the nucleus. Accordingly, the reason for the male sterility of the zbs1 mutant is an abnormal chromosome configuration caused by a defective callose wall and cell plate in the microspore mother cells during meiosis.
Materials and methods
Plant materials
The WT plant used in this study was the naked oat variety Pin5. During the breeding process, a male-sterile mutant, zbs1, was identified that exhibited normal vegetative growth (e.g., plant height, tiller number and heading date). However, at the reproductive growth stage, the viability of the mature zbs1 pollen was much lower than that of WT pollen. The female gametophytes exhibited normal development. At anthesis, the zbs1 pollen grains were completely sterile; in addition, smaller florets and even smaller anthers were observed in the zbs1 mutant. Both of the WT and zbs1 mutants plants are planted in the field of Shagouzi of Zhangjiakou City under the natural conditions.
Histological analysis
Spikelets at the microspore mother cell developmental stage were collected and fixed in Carnoy's fluid (100% ethanol:acetic acid=3:1 (v/v)). After treatment with 70, 83, 95, and 100% ethanol for 1 h, respectively, the samples were immersed in xylene for 2 h and then embedded in Paraplast Plus (Sigma-Aldrich Corp., St. Louis, MO). Microtome (RM2155; Leica Microsystems GmbH, Wetzlar, Germany) sections (8 μm thick) were stained with 0.1% toluidine blue O (Sigma-Aldrich Corp.) for 7 min, and then the samples were hydrated using a graded ethanol series. The samples were then inspected by microscopy (Zeiss, Oberkochen, Germany).
For nuclear staining, the fixed samples were transferred to 70% ethanol, removing the lemma and palea to expose the anther to ethanol. The tissue was then processed through an ethanol series (70, 50, 30, and 15%) and finally transferred to distilled water. Next, the anthers were placed on a glass slide and squeezed with tweezers to release the pollen. The pollen grains were then stained with 0.1 mg mL -1 PI (Sigma-Aldrich Corp).
SEM and TEM
For SEM, fresh pollen grains were coated with 8-nm gold particles and observed using a JSM-8404 microscope (S3400N; Hitachi Ltd., Tokyo, Japan). For TEM, samples were fixed in 3.0% (w/v) paraformaldehyde and 0.25% glutaraldehyde in 0.2 N sodium phosphate buffer, pH 7.0, and then postfixed in 2% osmium tetroxide (OsO 4 ) in phosphate-buffered saline (PBS), pH 7.2. Following dehydration in an ethanol series, the samples were embedded in acrylic resin. Ultrathin sections (50-70 nm) were double-stained with 2% (w/v) uranyl acetate and 2.6% (w/v) lead citrate and examined with a JEM-1230 TEM (JEOL Ltd., Tokyo, Japan) at 80 kV.
Immunolocalization of the rice tetrad callose wall and cell plate epitopes
Anthers from WT and zbs1 mutant plants were fixed in 3.0% (w/v) paraformaldehyde and 0.25% glutaraldehyde in 0.2 N sodium phosphate buffer, pH 7.0, and then postfixed in 2% OsO 4 in PBS, pH 7.2, for 1 wk. The samples were then treated as described previously (Lam et al. 2001; Maeda et al. 2006) . The presence or absence of callose was determined by immunolocalization and TEM using monoclonal antibodies against β-1,3-glucan (Biosupplies, Bundoora, VIC, Australia). The primary and secondary antibodies (18-nm anti-mouse IgG gold conjugate) were used at dilutions of 1:200 and 1:20, respectively.
